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We propose a new search channel for boosted dark matter (BDM) signals coming from the present
universe, which are distinct from simple neutrino signals including those coming from the decay or
pair-annihilation of dark matter. The signal process is initiated by the scattering of high-energetic
BDM off either an electron or a nucleon. If the dark matter is dark-sector U(1)-charged, the scattered
BDM may radiate a dark gauge boson (called “dark-strahlung”) which subsequently decays to a
Standard Model fermion pair. We point out that the existence of this channel may allow for
the interpretation that the associated signal stems from BDM, not from the dark-matter-origin
neutrinos. Although the dark-strahlung process is generally subleading compared to the lowest-
order simple elastic scattering of BDM, we find that the BDM with a significant boost factor may
induce an O(10− 20%) event rate in the parameter regions unreachable by typical beam-produced
dark-matter. We further find that the dark-strahlung channel may even outperform the leading-
order channel in the search for BDM, especially when the latter is plagued by substantial background
contamination. We argue that cosmogenic BDM searches readily fall in such a case, hence taking
full advantage of dark-strahlung. As a practical application, experimental sensitivities expected in
the leading-order and dark-strahlung channels are contrasted in dark gauge boson parameter space,
under the environment of DUNE far-detectors, revealing usefulness of dark-strahlung.
I. INTRODUCTION
The models of boosted dark matter (BDM) are re-
ceiving rising attention [1, 2] as an alternative scenario
to reconcile the paradigm of thermal dark-matter with
the null observation of dark-matter-induced signatures
via non-gravitational interactions [3, 4]. Many of them
predict that some (subdominant) dark-matter compo-
nents can be substantially boosted in the present uni-
verse and manifest themselves by relativistic scattering
signatures in terrestrial detectors. The most minimal
experimental signature arising in this class of models is
the recoil of either an electron or a nucleon induced by
the elastic scattering of BDM, so a number of preced-
ing works have focused on the simple possibility in vari-
ous experiments, assuming diverse dark-sector scenarios
such as scalar/fermionic dark-matter with scalar/vector
portals [4–14]. By contrast, Refs. [15–19] explored the
potential of cosmogenic BDM-induced inelastic upscat-
tering, adding unstable particles to the underlying dark
sector as was done in inelastic dark-matter models [20].
The latter possibility is advantageous in the search for
BDM signals [15–17], as they usually accompany addi-
tional visible particles together with an electron/nucleon
recoil.[58] While the elastic BDM signature searches of-
ten suffer from large background contamination (e.g., at-
mospheric neutrinos), the inelastic ones may enjoy even
(nearly) zero-background environment due to many sig-
nal features, at the expense of “minimalism” of underly-
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ing BDM models.
Indeed, it is noteworthy that such distinctive signa-
tures may arise even under the minimal setup, once
higher-order corrections are taken into account. As an
example of vector-portal type scenarios, a dark gauge
boson can radiate from Standard Model (SM) fermions
and/or dark-sector matter particles just like the ordi-
nary bremsstrahlung. Ref. [22] studied the so-called
“A′-strahlung” of electron in beam-dump experiments,
which is suppressed by the kinetic mixing. Very recently,
Ref. [23] proposed the process of “dark trident” in which
beam-produced dark-matter scatters off a target nucleus,
emitting a dark gauge boson which subsequently disinte-
grates to a SM fermion pair. The resultant experimental
signature is similar to that of the ordinary neutrino tri-
dent, allowing for almost background-free searches. Re-
lated phenomenology was also studied at the LHC [24–
26].
Inspired by the above approaches investigated in
beam-dump experiments, in this paper, we propose a
new BDM search strategy utilizing dark gauge boson
bremsstrahlung from cosmogenic BDM. As delineated in
FIG. 1(b), a dark gauge boson can be emitted by either
the scattered or incident BDM. We separately label them
by final state dark-strahlung (FSDS) and initial state
dark-strahlung (ISDS). In principle, the incoming and
outgoing target particles can radiate a dark gauge bo-
son, i.e., “A′-strahlung”, but the contribution should be
at least subleading unless the dark-sector gauge coupling
is as small as the kinetic mixing.
Remarkably, the existence of this dark-strahlung chan-
nel carries a profound physics implication. BDM usually
behaves like neutrinos, resulting in the experimental sig-
natures which would be invoked by neutrinos. Therefore,
a discovery of the BDM-like signal would create a chal-
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2FIG. 1: The processes under consideration: (a) production of BDM in the present universe, (b) detection of BDM via
leading-order scattering, final state dark-strahlung (FSDS), and initial state dark-strahlung (ISDS) from left to right.
lenging task to verify that observed events are actually
BDM-induced, rejecting the hypothesis of neutrinos from
the decay/pair-annihilation of cosmological dark-matter.
Since neutrinos do not involve this sort of process (ex-
cept W/Z-strahlung although negligible), the additional
observations of BDM signals in this channel might serve
as a clue to cosmic-origin, energetic dark-matter models.
Despite the distinctive signal features, however, the
dark-strahlung process bears an innate drawback that
its production cross section is smaller than the corre-
sponding leading-order (LO) contribution [see the first
diagram in FIG. 1(b)]. The relative magnitude depends
on the dark-sector coupling constant, the incoming en-
ergy and mass of BDM, and the mass of dark gauge
boson. We shall first perform a quantitative examina-
tion of the dark-strahlung cross sections relative to the
leading-order ones in the variation of these model param-
eters, and show that the dark-strahlung-induced contri-
bution can reach O(10%) of the leading order for the
BDM carrying an energy of a few tens of GeV. We em-
phasize that such energetic dark-matter readily arises in
various BDM scenarios, whereas the typical energy scale
of beam-produced dark-matter in existing beam facilities
is limited to . O(10 GeV).
More importantly, the usefulness of dark-strahlung can
be further highlighted, especially when the leading-order-
associated signal channel is overwhelmed by backgrounds
and/or such backgrounds are not well under control. In
fact, the cosmogenic BDM searches fall in this case so
that they often benefit significantly from dark-strahlung.
As a measure to quantify this statement, we shall com-
pare the required amount of data to achieve a given
level of experimental sensitivity between the leading-
order and the dark-strahlung channels, showing that the
dark-strahlung channel is comparable, competitive, or
even superior to the leading-order one, in a wide range
of BDM parameter space.
We further study the impact of realistic effects such
as cuts and acceptance of the events.[59] To this end, we
shall employ the far-detector environment in Deep Un-
derground Neutrino Experiment (DUNE) [27–29], follow
the analysis strategy in Ref. [17], and demonstrate that
the dark-strahlung channel may outperform the leading-
order one in probing certain regions of dark gauge boson
parameter space.
The paper is organized as follows. In Sec. II we briefly
define our benchmark BDM scenario, followed by the dis-
cussion on the signal and background processes. Sec. III
is devoted to our major findings including the compar-
isons of production cross sections and signal statistics
required for 90% confidence level (C.L.) experimental
sensitivity between the dark-strahlung and the leading-
order, and the experimental reach in dark gauge boson
parameter space which would be achieved in the DUNE.
Our conclusions and future prospects are summarized in
Sec. IV.
II. MODEL SETUP
Various scenarios to create relativistically moving
dark-matter in the present universe have been sug-
gested [3–19, 30–34]. Of them, we choose the two-
component dark-matter model proposed in [3, 4] as our
benchmark scenario, in which a pair of the heavier com-
ponents χ0 of mass m0 annihilate to a pair of the lighter
components χ1 of mass m1, giving a Lorentz boost factor
for χ1 by the mass ratio m0/m1 [see also FIG. 1(a)]. An
example operator to account for such an annihilation is
given by
Lint ⊃ 1
Λ2
χ¯0χ0χ¯1χ1 , (1)
where Λ encodes relevant high-scale physics whose de-
tails are irrelevant in this study. Just for concreteness,
we assume that the two dark-matter species are Dirac-
fermionic. The expected flux of BDM χ1 from the galac-
tic halo can be estimated as [4]
F(θC) = 1
2
· 1
4pi
∫
θ<θC
dΩ
∫
los
ds〈σv〉0→1
{
ρ(s, θ)
m0
}2
θC→180◦−→ 1.6× 10−4 cm−2s−1
×
( 〈σv〉0→1
5× 10−26 cm3 s−1
)
×
(
GeV
m0
)2
, (2)
where ρ is the χ0 density distribution in terms of the
line-of-sight (los) s and 〈σv〉0→1 is the thermal-averaged
annihilation cross section of χ0χ0 → χ1χ1 at the uni-
verse today. θC denotes a cone angle around the direc-
tion of the galactic center, so restricting the polar an-
gle to θ < θC allows for finding the flux within the θC
cone. The reference flux in the second line results from
θC = 180
◦ and the Navarro-Frenk-White dark-matter
3halo profile [35, 36] with local dark-matter density near
the Sun being 0.3 GeVcm−3.
To describe interactions between χ1 and SM particles,
we adopt a simplified model based on the dark gauge
boson mixing scenario [37–41]:
−Lint ⊃ 
2
FµνX
µν + gX χ¯1γ
µχ1Xµ , (3)
where  and gX denote the kinetic mixing parameter and
the dark-sector coupling constant, respectively. Fµν and
Xµν are the field strength tensors for the SM photon and
the dark gauge boson. The second term in (3) allows
for dark-strahlung, and the emitted dark gauge boson
predominantly decays to a pair of SM fermions through
the first term in (3) if the following mass hierarchy holds:
mX < 2m1 . (4)
If the incoming energy of BDM χ1 (defined by E1) is suffi-
ciently large, the center-of-mass energy
√
s is ∼ √2E1mT
with mT being the mass of target particle. For electron
recoil-involving events with E1 ∼ 100 GeV,
√
s ∼ 300
MeV, so the di-muonic final state is kinematically ac-
cessible only if the radiating X is off-shell.[60] However,
such a possibility is highly suppressed, hence nearly neg-
ligible compared to the leading-order contribution. Sim-
ply for illustration, we consider only the electron target
hereafter, while our argument is straightforwardly appli-
cable to the proton target. Therefore, a dark-strahlung-
induced event consists of a recoil electron and an electron-
positron pair in the final state.
Speaking of the backgrounds, the dominant source
against the leading-order scattering process is the atmo-
spheric neutrino. Assuming a uniform flux from the en-
tire sky, we see that the number of atmospheric ν-induced
background events within a cone of angle θC is given by
NBG(θC) =
1− cos θC
2
×NBG(180◦) . (5)
For DUNE-like detectors with recoil electron energy
greater than 30 MeV, we estimate that the total num-
ber over the entire sky is [42]
NBG(180
◦) ' 40.2 yr−1kt−1 . (6)
On the other hand, it is expected that the dark-
strahlung-induced signal event hardly suffers from back-
ground contamination due to several distinctive features
such as multiple visible particles and (potentially) de-
layed decay of radiating dark gauge bosons. In particu-
lar, detectors with good particle identifications and reso-
lutions [61] may fully benefit from such advantages [15–
17, 21]. Indeed, one may imagine several possibilities
which would appear signal-like. A highly plausible situa-
tion is that an atmospheric neutrino provokes a resonance
or deep inelastic scattering process, resulting in a handful
of mesons (usually pions) whose visible decay products
may collectively leave a signal-like signature. To carefully
estimate such events, we combine the electron-neutrino
flux studied by the Super-Kamiokande Collaboration [43]
and the neutrino cross sections from Ref. [44], and find
that ∼ 12 events per kt·yr will be relevant.[62] However,
we expect that detectors with good particle identifica-
tion, e.g., LArTPC [46–48], will separate out such fake
events very efficiently. In addition, the techniques of
machine-learning-based particle identification have been
developed in the field, e.g., Refs. [49, 50]. Given all these
deliberations and careful estimates, we anticipate that
the dark-strahlung channel will be nearly background-
free at quality-performance detectors so that relevant
searches can be conducted under a zero-background as-
sumption.
III. PHENOMENOLOGY
In this section, we discuss various phenomenological
implications of dark-strahlung. We begin with the com-
parison between leading order production cross section
and dark-strahlung processes, followed by a discussion of
dark-strahlung for beam-produced and cosmogenic dark-
matter. The last subsection demonstrates an applica-
tion of the dark-strahlung channel, using the DUNE far-
detectors as an example.
A. Simple elastic scattering vs. dark-strahlung
We first compare the production cross sections of the
dark-strahlung process, σDS, relative to those of the
leading-order process, σLO, with variations of model pa-
rameters. The cross sections are numerically calculated
with MG5 aMC@NLO [51]. FIG. 2 displays cross-section ra-
tios, σDS/σLO, in the m1 − E1 plane. The top (bottom)
panels are for gX = 1 (gX = 3), while the left (right)
panels are for m1/mX = 0.6 (m1/mX = 1.5). Contours
show the cross-section ratios in percent [%]. The gray-
shaded regions correspond to the kinematically inaccessi-
ble parameter space for the on-shell dark-strahlung pro-
cess. Note that we do not specify  choices as the depen-
dence is exactly canceled out.
The results suggest that the dark-strahlung events oc-
cur more frequently in decreasing m1, mX and increasing
gX , E1 as expected in QED. Very roughly, the dark-
strahlung contribution relative to the leading-order is
suppressed by ∼ αX/pi (4piαX ≡ g2X), while detailed ra-
tios depend on model parameters. We find from this
numerical study that σDS could be even O(10− 20%) of
σLO with E1 ∼ 0.1− 1 TeV if the underlying dark-sector
gauge coupling is as sizable as O(1) (see e.g., Ref. [52]
and references therein for dark-sector scenarios with large
couplings).
However, the true potential of dark-strahlung cannot
be assessed without involving backgrounds since typical
BDM searches via the simple leading-order process en-
counter the issue of enormous signal-mimicking events.
As a measure, we introduce the ratio of the required run-
4FIG. 2: Cross-section ratios between the leading-order and the dark-strahlung processes, σDS/σLO, in the m1−E1 plane. The
top (bottom) panels are for gX = 1 (gX = 3), while the left (right) panels are for m1/mX = 0.6 (m1/mX = 1.5). Contours
correspond to the calculated cross-section ratios in percent [%]. The gray-shaded regions show the kinematically inaccessible
parameter space for the on-shell dark-strahlung process. Note that the  choice is not specified as the dependence is exactly
canceled out. The dark-strahlung events occur more frequently in decreasing m1, mX and increasing gX , E1.
time to achieve the (statistical-uncertainty-based) 90%
C.L. sensitivity for a given model point, TDS/TLO.[63] For
example, TDS/TLO = 2 means that the dark-strahlung
channel requires twice more run-time than the leading-
order does. FIG. 3 reports our results for TDS/TLO in
the m1−E1 plane. Three reference background assump-
tions are taken for the leading-order process, NBG = 10
3
(red), 104 (green), and 105 (blue), while zero backgrounds
are assumed for the dark-strahlung one. The parameter
choices are identical to those in FIG. 2. A few contours
are included as a guidance, TDS/TLO = 0.5, 1, and 2 by
dashed, solid, and dot-dashed curves, respectively.
The results can be understood as follows. First of all,
we see that even under mild background contamination
(i.e., NBG = 10
3) in the leading-order channel, the dark-
strahlung channel remains competitive in a wide range
of parameter space as it requires a similar amount of
run-time. Similar expectations can be extended to the
discovery potentials. For example, imagine a scenario
that underlying physics comes with gX = 1 and highly-
5FIG. 3: Ratios of required run-times to achieve 90% C.L., TDS/TLO, in the m1 − E1 plane. Three reference numbers of
backgrounds are assumed for the leading-order process: NBG = 10
3, 104, and 105 for red, green, and blue curves, respectively.
The parameter choices are the same as in FIG. 2. Dashed, solid, and dot-dashed curves denote TDS/TLO = 0.5, 1, and 2,
correspondingly.
boosted χ1 of O(10 MeV) mass and the leading-order
channel is tied to O(103) background events (see also
the top-left panel of FIG. 3). In this case, if a sufficient
number of BDM-looking events were recorded within one-
year time exposure, then one needs to wait for only a few
years to confirm or refute the BDM hypothesis!
B. Beam-produced dark-matter vs. cosmogenic
BDM
It is informative to discuss and contrast implications
of dark-strahlung (or similarly “dark trident”) for beam-
produced dark-matter and cosmogenic BDM at this
point, as both deal with relativistic dark-matter. The
beam energy is distributed to all produced particles in-
cluding dark matter, and thus individual beam-produced
dark-matter typically carries away an energy much less
than the original beam energy, for example, ∼ 10 GeV
6(∼ 20 GeV) for a 120 (400) GeV beam [53]. By contrast,
many mechanisms for producing BDM in the present uni-
verse allow E1 to be O(100 GeV) or even greater than 1
TeV without losing much signal statistics [7, 8, 32]. Our
results in FIG. 2 unambiguously suggest that the dark-
strahlung contributions can be above O(10%) in such
high-energy realm, and therefore, the search for cosmic-
origin signals enjoy (presumably) unexpected effects from
dark-strahlung.
Moreover, the results in FIG. 3 imply that the more
the leading-order channel suffers from backgrounds, the
more considerable the dark-strahlung channel is. In
general, the backgrounds to the leading-order process
(e.g. atmospheric-neutrino-induced, single, e-like events
for this case) are not well under control in the cosmic-
origin BDM searches, in comparison with the beam-
produced dark-matter searches in particle accelerator ex-
periments which are more capable of controlling poten-
tial backgrounds, e.g., on-/off-target beam data analy-
ses in MiniBooNE [54, 55]. This actually has an im-
plication for surface-based detectors, e.g., ProtoDUNE
and SBN, which additionally suffer from overwhelming
cosmic-induced backgrounds. While ideas of inelastic
BDM searches [17] or “Earth Shielding” [13] allow to
get around the background issue, we expect that the
dark-strahlung channel will provide a new chance in the
search for minimal BDM signals in the surface-based ex-
periments.
C. Experimental sensitivities of DUNE
We are now in the position to investigate how the main
virtue of dark-strahlung is realized under the realistic ex-
perimental circumstances. The primary purpose of the
discussion here is to develop our intuition on the im-
pact of realistic effects, so we do not pursue any ded-
icated detector-level studies. Since we adopted a dark
gauge boson scenario, it is natural enough to study and
compare experimental sensitivities through the leading-
order and dark-strahlung channels in the standard mX−
plane. Again, events are generated by MG5 aMC@NLO, and
the subsequent analysis is conducted under the DUNE
far-detectors setup, as mentioned earlier. Therefore, we
require electrons to exceed the associated threshold, i.e.,
Ee± > 30 MeV [42], and the recoil electron to be sep-
arated from the dark-strahlung-induced e± by at least
1◦ [42]. We additionally demand the primary boosted χ1
scattering and the secondary decay of the emitted X to
take place inside the detector fiducial volume. Indeed, we
find that X can be appreciably displaced, given the po-
sition resolution of ∼ 1 cm [42] at the DUNE detectors.
More quantitatively, the laboratory-frame mean decay
length is given by [16]
`X,lab ∼ 2 cm×
(
10−4

)2(
40 MeV
mX
)
γX
100
. (7)
To calculate the acceptances in `X,lab, we follow the con-
servative scheme suggested in Ref. [16], taking the di-
mension of the fiducial volume for a single module of the
DUNE far-detectors.
FIG. 4 displays the expected 90% C.L. sensitivities of
DUNE in the dark gauge boson model parameters mX−
for the cases of leading-order (blue) and dark-strahlung-
induced (red) scattering processes, of 350 kt·yr expo-
sures. Taking the entire galatic halo as the origin of the
χ1 flux, we closely follow the analysis procedure detailed
in Ref. [16]. The legends contain our parameter choices,
and the up-to-date exclusion limits (brown-shaded re-
gions) are from Ref. [56]. For the dark-strahlung chan-
nel, we assume the all-sky survey (i.e., θC = 180
◦) and
negligible background, whereas for the leading-order, we
consider two more search cones, θC = 10
◦ (dot-dashed
lines) and θC = 40
◦ (dashed lines) as per suggestions in
Refs. [1, 4], in addition to the all-sky survey (solid lines).
The number of neutrino-induced background events for
the leading-order process is calculated with Eqs. (5)
and (6). Our results suggest that the dark-strahlung
channel is at least complementary to the leading-order
ones. Indeed, dark-strahlung allows us to explore a wider
range of parameter space, especially the parameter re-
gions towards small mX , than even the leading-order
channels with a search cone. We also clearly observe
that the curvatures for the dark-strahlung in the bottom
panels change a lot towards smaller  and/or smaller mX ,
since the vertex displacement becomes comparable to the
detector characteristic length scale, hence the acceptance
is rather degraded.
Finally, be aware that our event selection scheme does
not require any angular separation between the dark-
strahlung-induced e±’s. Indeed, the e+e− pair is of-
ten merged, so resolving them would necessitate more
dedicated techniques, e.g., dE/dx-analysis [46, 48] and
machine-learning-based algorithm [49, 50], which is be-
yond the scope of our study. Moreover, as discussed
above, many dark-strahlung-induced events are expected
to show the delayed decay of X so that the identification
of a time-correlated displaced vertex would suffice to tag
them.
IV. CONCLUSIONS AND OUTLOOK
In this study, we investigated the novel search channel
for the BDM signals coming from the present universe,
utilizing dark-strahlung, a higher-order contribution, by
which boosted dark matter radiates massive dark gauge
bosons. The resultant final state consists of a visible tar-
get recoil along with decay products of the emitted dark
gauge boson. The uniqueness of the experimental signa-
ture renders associated searches essentially background-
free. Due to its higher-order nature, however, the dark-
strahlung-associated channel [consisting of both FSDS
and ISDS in FIG. 1(b)] may be in tension with rela-
tively smaller signal statistics than the leading contri-
7FIG. 4: Experimental sensitivities of DUNE in the dark gauge boson model parameters mX −  for the cases of leading-order
(blue) and dark-strahlung-induced (red) scattering processes, of 350 kt·yr exposures. The top (bottom) panels are for gX = 1
(gX = 3) while the left (right) panels are for E1 = 20 GeV (E1 = 50 GeV). A mass hierarchy of m1 = 0.6mX is kept for all
results. The brown-shaded regions show the currently excluded parameter space according to the report in Ref. [56]. For the
dark-strahlung channel, we assume the all-sky survey (i.e., θC = 180
◦) and negligible background, whereas for the leading-order,
we consider two more search cones, θC = 10
◦ (dot-dashed lines) and θC = 40◦ (dashed lines), in addition to the all-sky survey
(solid lines).
bution [i.e., the first diagram in FIG. 1(b)].
In light of this situation, we showed that if BDM comes
with a significant boost factor, production rates of the
dark-strahlung-induced events can be substantially en-
hanced. Moreover, if backgrounds to the leading-order
process are large, the dark-strahlung channel can play a
prominent role. We argued that the cosmic-origin BDM
searches fall in this category, and therefore they can ben-
efit enormously from dark-strahlung. We further studied
the impact of realistic experimental environment on the
usefulness of dark-strahlung, using DUNE far-detectors
as an example. The capabilities of both leading-order and
dark-strahlung channels for probing dark gauge boson
parameter space were contrasted. Remarkably enough,
the dark-strahlung channel may allow for more stringent
limits in a wide range of parameter space.
In conclusion, the channel with dark-strahlung can
be complementary to, or even surpass the correspond-
ing leading-order one, especially in cosmogenic signal
searches. Furthermore, its existence can be important ev-
idence to refute the candidate hypothesis that the signals
are induced by neutrinos originating from the decay/pair-
annihilation of halo dark-matter.
Beyond our study, signatures induced by a multitude
of dark-strahlung will provide richer phenomenology. Al-
though some experimental challenges to signal recon-
struction are expected [23], it is certainly an interesting
research direction to pursue. Finally, although our study
was performed solely with electrons for illustration, one is
readily embarked on similar examinations for the proton
scattering channels. We reserve more dedicated analyses
in this direction for a forthcoming work [57].
8Acknowledgments
We thank Lucien Heurtier and Olivier Mattelaer for
useful discussions. DK is supported by the Department
of Energy under Grant No. DE-FG02-13ER41976/DE-
SC0009913. JCP is supported by the National Re-
search Foundation of Korea (NRF-2016R1C1B2015225
and NRF-2018R1A4A1025334). SS is supported by
the National Research Foundation of Korea (NRF-
2017R1D1A1B03032076).
[1] C. Kachulis et al. [Super-Kamiokande Collabora-
tion], Phys. Rev. Lett. 120, no. 22, 221301 (2018)
[arXiv:1711.05278 [hep-ex]].
[2] C. Ha et al. [COSINE-100 Collaboration],
arXiv:1811.09344 [astro-ph.IM].
[3] G. Belanger and J. C. Park, JCAP 1203, 038 (2012)
[arXiv:1112.4491 [hep-ph]].
[4] K. Agashe, Y. Cui, L. Necib and J. Thaler, JCAP 1410,
no. 10, 062 (2014) [arXiv:1405.7370 [hep-ph]].
[5] J. Huang and Y. Zhao, JHEP 1402, 077 (2014)
[arXiv:1312.0011 [hep-ph]].
[6] A. Bhattacharya, R. Gandhi and A. Gupta, JCAP 1503,
no. 03, 027 (2015) [arXiv:1407.3280 [hep-ph]].
[7] J. Berger, Y. Cui and Y. Zhao, JCAP 1502, no. 02, 005
(2015) [arXiv:1410.2246 [hep-ph]].
[8] K. Kong, G. Mohlabeng and J. C. Park, Phys. Lett. B
743, 256 (2015) [arXiv:1411.6632 [hep-ph]].
[9] J. F. Cherry, M. T. Frandsen and I. M. Shoemaker, Phys.
Rev. Lett. 114, 231303 (2015) [arXiv:1501.03166 [hep-
ph]].
[10] J. Kopp, J. Liu and X. P. Wang, JHEP 1504, 105 (2015)
[arXiv:1503.02669 [hep-ph]].
[11] L. Necib, J. Moon, T. Wongjirad and J. M. Conrad, Phys.
Rev. D 95, no. 7, 075018 (2017) [arXiv:1610.03486 [hep-
ph]].
[12] H. Alhazmi, K. Kong, G. Mohlabeng and J. C. Park,
JHEP 1704, 158 (2017) doi:10.1007/JHEP04(2017)158
[arXiv:1611.09866 [hep-ph]].
[13] D. Kim, K. Kong, J. C. Park and S. Shin, JHEP 1808,
155 (2018) [arXiv:1804.07302 [hep-ph]].
[14] J. Berger, arXiv:1812.05616 [hep-ph].
[15] D. Kim, J. C. Park and S. Shin, Phys. Rev. Lett. 119,
no. 16, 161801 (2017) [arXiv:1612.06867 [hep-ph]].
[16] G. F. Giudice, D. Kim, J. C. Park and S. Shin, Phys.
Lett. B 780, 543 (2018) [arXiv:1712.07126 [hep-ph]].
[17] A. Chatterjee, A. De Roeck, D. Kim, Z. G. Moghaddam,
J. C. Park, S. Shin, L. H. Whitehead and J. Yu, Phys.
Rev. D 98, no. 7, 075027 (2018) [arXiv:1803.03264 [hep-
ph]].
[18] M. Aoki and T. Toma, JCAP 1810, no. 10, 020 (2018)
[arXiv:1806.09154 [hep-ph]].
[19] L. Heurtier, D. Kim, J. C. Park and S. Shin,
arXiv:1905.13223 [hep-ph].
[20] D. Tucker-Smith and N. Weiner, Phys. Rev. D 64, 043502
(2001) [hep-ph/0101138].
[21] E. Izaguirre, G. Krnjaic, P. Schuster and N. Toro, Phys.
Rev. D 90, no. 1, 014052 (2014) [arXiv:1403.6826 [hep-
ph]].
[22] J. D. Bjorken, R. Essig, P. Schuster and N. Toro, Phys.
Rev. D 80, 075018 (2009) [arXiv:0906.0580 [hep-ph]].
[23] A. de Gouva, P. J. Fox, R. Harnik, K. J. Kelly and
Y. Zhang, JHEP 1901, 001 (2019) [arXiv:1809.06388
[hep-ph]].
[24] A. Gupta, R. Primulando and P. Saraswat, JHEP 1509,
079 (2015) [arXiv:1504.01385 [hep-ph]].
[25] Y. Bai, J. Bourbeau and T. Lin, JHEP 1506, 205 (2015)
[arXiv:1504.01395 [hep-ph]].
[26] M. Kim, H. S. Lee, M. Park and M. Zhang, Phys. Rev.
D 98, no. 5, 055027 (2018) [arXiv:1612.02850 [hep-ph]].
[27] B. Abi et al. [DUNE Collaboration], arXiv:1807.10334
[physics.ins-det].
[28] B. Abi et al. [DUNE Collaboration], arXiv:1807.10327
[physics.ins-det].
[29] B. Abi et al. [DUNE Collaboration], arXiv:1807.10340
[physics.ins-det].
[30] F. D’Eramo and J. Thaler, JHEP 1006, 109 (2010)
[arXiv:1003.5912 [hep-ph]].
[31] D. Kim, J. C. Park and S. Shin, JHEP 1804, 093 (2018)
[arXiv:1702.02944 [hep-ph]].
[32] W. Yin, arXiv:1809.08610 [hep-ph].
[33] T. Bringmann and M. Pospelov, arXiv:1810.10543 [hep-
ph].
[34] Y. Ema, F. Sala and R. Sato, arXiv:1811.00520 [hep-ph].
[35] J. F. Navarro, C. S. Frenk and S. D. M. White, Astro-
phys. J. 462, 563 (1996) [astro-ph/9508025].
[36] J. F. Navarro, C. S. Frenk and S. D. M. White, Astro-
phys. J. 490, 493 (1997) [astro-ph/9611107].
[37] L. B. Okun, Sov. Phys. JETP 56, 502 (1982) [Zh. Eksp.
Teor. Fiz. 83, 892 (1982)].
[38] P. Galison and A. Manohar, Phys. Lett. B 136, 279
(1984).
[39] B. Holdom, Phys. Lett. B 166, 196 (1986).
[40] E. J. Chun, J. C. Park and S. Scopel, JHEP 1102, 100
(2011) [arXiv:1011.3300 [hep-ph]].
[41] J. C. Park, New Phys. Sae Mulli 66, no. 8, 962 (2016).
[42] R. Acciarri et al. [DUNE Collaboration],
arXiv:1512.06148 [physics.ins-det].
[43] M. Honda, M. Sajjad Athar, T. Kajita, K. Kasahara and
S. Midorikawa, Phys. Rev. D 92, no. 2, 023004 (2015)
[arXiv:1502.03916 [astro-ph.HE]].
[44] J. A. Formaggio and G. P. Zeller, Rev. Mod. Phys. 84,
1307 (2012) [arXiv:1305.7513 [hep-ex]].
[45] W. Altmannshofer, S. Gori, M. Pospelov and I. Yavin,
Phys. Rev. Lett. 113, 091801 (2014) [arXiv:1406.2332
[hep-ph]].
[46] R. Acciarri et al. [ArgoNeuT Collaboration], Phys. Rev.
D 95, no. 7, 072005 (2017) [arXiv:1610.04102 [hep-ex]].
[47] R. Acciarri et al. [MicroBooNE Collaboration], Eur.
Phys. J. C 78, no. 1, 82 (2018) [arXiv:1708.03135 [hep-
ex]].
[48] R. Acciarri et al. [ArgoNeuT Collaboration], Phys. Rev.
D 98, no. 5, 052002 (2018) [arXiv:1804.10294 [hep-ex]].
[49] R. Acciarri et al. [MicroBooNE Collaboration], JINST
12, no. 03, P03011 (2017) [arXiv:1611.05531 [physics.ins-
det]].
[50] C. Adams et al. [MicroBooNE Collaboration],
arXiv:1808.07269 [physics.ins-det].
[51] J. Alwall et al., JHEP 1407, 079 (2014) [arXiv:1405.0301
9[hep-ph]].
[52] S. Tulin and H. B. Yu, Phys. Rept. 730, 1 (2018)
[arXiv:1705.02358 [hep-ph]].
[53] P. deNiverville, C. Y. Chen, M. Pospelov and A. Ritz,
Phys. Rev. D 95, no. 3, 035006 (2017) [arXiv:1609.01770
[hep-ph]].
[54] A. A. Aguilar-Arevalo et al. [MiniBooNE Collabora-
tion], Phys. Rev. Lett. 118, no. 22, 221803 (2017)
[arXiv:1702.02688 [hep-ex]].
[55] A. A. Aguilar-Arevalo et al. [MiniBooNE DM Col-
laboration], Phys. Rev. D 98, no. 11, 112004 (2018)
[arXiv:1807.06137 [hep-ex]].
[56] D. Banerjee et al. [NA64 Collaboration], Phys. Rev. Lett.
120, no. 23, 231802 (2018) [arXiv:1803.07748 [hep-ex]].
[57] D. Kim, J.-C. Park and S. Shin, in preparation.
[58] A similar point was made in Ref. [21] in the context of
fixed target experiments.
[59] The details are described in Ref. [16].
[60] Obviously, this is not the case for the proton target, as
it allows for a much bigger
√
s than the electron target
for a given E1.
[61] A representative one is the liquid argon time projection
chamber (LArTPC)-based detector which is generally
characterized by good particle identifications and good
angular, energy, vertex, and time resolutions.
[62] Similar considerations were made for the dark-trident
process in Ref. [23] in terms of neutrino trident [45],
charged-current νe, neutral-current νµ, etc.
[63] More precisely, the measure comes from the numbers
of required signal events to achieve the 90% C.L.
sensitivity, N90DS and N
90
LO. N
90 varies by the associated
background assumption. The number of events is given
by σDS/LO · F · A · Ne · TDS/LO, where F and Ne are
the flux of χ1 and the number of target electrons in a
given detector. A, a probabilistic quantity, encodes all
experimental details such as efficiency and acceptance.
We here assume an ideal detector resulting in A = 1.
Therefore, we have
TDS
TLO
=
N90DS/(σDSFANe)
N90LO/(σLOFANe)
=
N90DS/σDS
N90LO/σLO
.
See Refs. [13, 16] for more related details.
